The molecular structure and phase diagram of relaxed monolayer films of methyl eicosanoate at the air/water interface were studied using x-ray diffraction and Brewster Angle Microscopy. Six phases have been identified in relaxed films in a temperature range of 5 to 28 degrees Celsius.
INTRODUCTION
Although Langmuir monolayers (LM) have been extensively studied for years, it is only recently that the availability of synchrotron radiation sources has allowed grazing incidence diffraction to be used to learn the microscopic, molecular structure of these films [1, 2, 3, 4] . Part of the reason for the broad current interest in LM is that they are one of the few realizable systems in which a film exhibiting two dimensional statistical physics can be tuned in a manageable way by varying the molecular structure. As a result, the phase diagrams of LM are enriched in comparison with those of simpler monatomic systems. In addition, many of the properties of LM can be related to those of thin organic films that are used for lubrication and coatings [5] .
RESULTS
Recently, it has been observed that when one takes account of various relaxation processes in Langmuir monolayers of fatty acids, the macroscopic average area per molecule deposited on the trough is not always an intrinsic thermodynamic variable [6] . This is particularly true in the high density regime in which the LM phases are highly ordered and processes such as grain boundary relaxation and collapse into the third dimension need to considered. On the other hand, when allowance for relaxation processes is taken into account and the phase diagrams are expressed in terms of the microscopic area/molecule calculated from x-ray measurements, one does arrive at self consistent pictures from which the thermodynamics of these systems can be understood. A full description the Relaxation Isotherm (RI) [4] method is beyond the scope of the present article; however, to describe it briefly, in a RI the film is incrementally compressed by a small amount (typically 0.25 A2), following which the macroscopic (trough) area is kept fixed while the surface tension is monitored. Only after the slope of the surface tension with respect to time has reached a sufficiently small average value (::;.01 dynes/cm/5 minutes) are final measurements made. The film is then compressed by another small increment and the cycle is repeated. In this way, the film is studied after it has relaxed rather than under dynamic condi tions.
In fact, the earliest, isotherms were taken, by necessity, in this way [7, 8] except in the case where relaxations are extremely long (hours). Unfortunately, powerful techniques, such at BAM and synchrotron x-ray diffraction were not available at that time. In this system, the equilibrium spreading pressure, the pressure at which a film is in equilibrium with the bulk was measured to be nesp=14 dynes/cm at 20 degrees C. Thus, the measured points, within error bars, are in regions in which the film is stable relative to the bulk. Because of the lack of hydrogen bonding between head groups, this pressure is significantly higher than negligible pressure for a fatty acid of this chain length.
This manuscript reports on a series of grazing incidence diffraction studies and Brewster Angle Microscope measurements. Relaxed LM of methyl eicosanoate (CH3(CH2hsCOOCH3) were studied using methods similar to those previously applied to fatty acids [4, 6] . In this series of measurements, the acid functional group (-COOH) has been replaced by an ester group (-COOCH3), thus avoiding the strong tendency for the molecules to form dimers as well as avoiding the irreversible partial collapses of the monolayer that are often found for the acids at low pressures [6] . The sample was deposited from a chloroform solution (1.23 mg/ml) onto a subphase buffered with HCI (pH=2). Details of the BAM and GIXD apparatus are described elsewhere. Although it would be interesting to conduct simultaneous measurements, The BAM and x-ray measurements were carried out at different times. All films measured here are coarse powders. This feature makes absolute intensity measurements difficult to conduct. Given the Bragg-rod scans observed in this study (using a PSD) and taking into account the physical size of the molecule, we can eliminate unphysical structures. This process results in the structures presented in this work. Unfortunately, because we are studying a monolayer of a low Z material, the diffracted signal is quite weak. Although we have observed second order peaks in the U' (CS) phase, available intensity limits our ability to gather more detailed crystallographic information on this system. Of the six distinct phases that were observed in the present series of grazing incidence x-ray diffraction (GIXD) studies, five of them were previously described in LM of acids and alcohols [2, 3, 6, 9] . The sixth appears to not have been previously reported in any monolayer system. The previously described phases include two untilted phases with 2d orthorhombic unit cells (the U' (CS) and U(S) phases); one untilted rotator II-like phase in which the unit cell is hexagonal (R); an orthorhombic, tilted phase with tilt toward nearest neighbor (called I here, in analogy to the smectic I phase but also known as L2" for historical reasons) [lO,lI] ; and an orthorhombic, tilted phase with tilt toward next nearest neighbor (called F here, in analogy to the smectic F phase but also known as L2'). The phase previously not reported is tilted, in that the maximum intensity of the GIXD peak is out of the surface plane, but the unit cell appears to be hexagonal. This will be defined as the'T phase and will be discussed below. Further measurements are needed to establish its existence more firmly.
The surface pressure-temperature (Jt-T) phase diagram that we propose for this system is shown in figure 1 . The location where the various phases were observed is indicated by the symbols defined in the legend. The measurements described here were performed using relaxation isotherm (RI) techniques [4] and thus the quoted pressures signify those of relaxed films. Although there appears to be some degree of superheating/supercooling between the CS/S and SIR regions, the phase boundaries between the other phases are relatively well defined, as indicated by the solid lines. The broken line separating the F(L2') and'T phases will be discussed below. This diagram is similar to those previously proposed for fatty alcohols [9] in that the topology of the diagram is similar and only one phase with tilt toward nearest neighbor has been identified.
The temperature dependence of the GIXD peaks for the higher pressure region of the phase diagram in figure 1 is shown in figure 2 . The U' (CS) phase, found below 14°C, has an untilted, orthorhombic structure with two inequivalent peaks. If we assign the peak at Qxy=1.676 A-I as (1,0) and Qxy=1.498 A-I as (0,1) then we observed the (1,1) (Qxy=2.809 A-I) and (-1,2) (Qxy= 2.492 A-I) peaks. In addition, observation of second order peaks indicates this is a well-ordered crystalline phase. Between about 12°and 13°C a third peak is observed at Qxy ;:::: 1.65 A-I in addition to the U'(CS) peaks (1.50 A-I and 1.67 A-I) Although it is possible that this could be a region of monoclinic symmetry, we believe it is more likely coexistence between regions of superheated U' (CS) phase and regions of U(S) phase. In the case of a phase with monoclinic symmetry, the area per molecule would be an unphysically small 17.6A2. This is much smaller than the 18.5A2 area per molecule seen in bulk alkanes, 18.87A2 in the U' (CS) or 19.12A2 in the U(S) phases. Comparisons with work on other systems [2, 9] in which this transition was observed agree with this conclusion. The GIXD peaks observed between 14°C and 21°C have nearly the same structure as the lower temperature U' (CS) phase but, as can be seen in figure 2 , The peak at Qx y = 1.65A -1 is shifted to smaller values by approximately 0.02A-I implying a slightly larger x-ray umt cell area. In general it would be difficult to distinguish between these two were it not for the coexistence observed between 12°and 13°C. Above 21°C, only a single untilted GIXD peak that has previously been identified as an untilted rotator phase, R(LS) [12] is observed. These transitions have been explained previously using the framework of Landau theory [13] .
• • -.. The temperature dependence of the GIXD peaks observed at lower pressures are illustrated in figure 3 . The I(L2") like phase observed at the lowest temperature is tilted towards its nearest neighbor. The I(Ll") phase is sensitive to radiation exposure and after a long exposure (approximately I hour at a fixed position on the sample at a flux rate of approximately 10 9 photons/sec e cm2) the molecules become untilted and thus it is necessary to be careful when measuring the transition pressure from the I(L2") to the U'(CS) phase. We avoided unnecessary exposure by only irradiating the sample when the film was relaxed as well as by limiting the quantity of data taken. Also, studies varying exposure were conducted to explore the effect of xray exposure on phase boundary position. The existence of a tilted phase at low pressure and temperature was independently observed using optical techniques by us and by Knobler and colleagues [14] . We note, however, that the visual appearance of this phase using Brewster Angle Microscopy (BAM) depends upon the history of the film. In the case that the film is deposited at low temperature, the domains formed are small and the film appears to be homogeneous on a length scale of lO}tm. Although this might be mistaken for an untilted phase, it is quite clear that films deposited at high temperatures and cooled form larger domains in which the birefringence is apparent (see figure 4) .
Within a temperature range of 13°C to 22°C there is a transition to a phase in which the tilt is between nearest neighbor. Both of the peaks are out of the plane of the surface. This F(L2') phase is also sensitive to radiation damage in that the higher Qz (singly degenerate) peak fades with radiation dose.
Although the tilt angles do not change drastically on heating the F(L2') phase past~19°C the position of the peak with the larger value Qxy moves dramatically to smaller values. Above~22°C, the in-plane momentum transfer is the same for both peaks (see the right side of figure 3 ). We believe this is a rotator phase(Rotator IV-like) in which the molecular chains are tilted with respect to the surface normal and we have designated it the '"t phase. One of the principal advantages the GIXD technique for characterizing LM is that it provides a direct measurement of the microscopic molecular area. Using the microscopic molecular area and the relaxed surface pressures associated with each GIXD measurement [6] , the n-A phase diagram shown in figure 5 was produced. In this figure, the area of the 't phase was calculated from the single GIXD peak by assuming a hexagonal unit cell. 
